Release of non-exchangeable potassium from some British soils cropped in the glasshouse by Arnold, P. W. & Close, B. M.
J. Agric. Sci. (1961), 57, 295
With 6 text-figures
Printed in Great Britain
295
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Chemistry Department, Rothamsted Experimental Station, Harpenden, Herts
(Received 1 March 1961)
British soils containing similar amounts of total
potassium can vary greatly in their ability to
release non-exchangeable potassium, but the
reasons for this are not well understood. The non-
exchangeable potassium reserves in many soils are
released as water-soluble and exchangeable potas-
sium are removed. Some soils can provide enough
potassium for many years, but the release in others
is too slow to meet the needs of crops. Although
releases of non-exchangeable potassium must, in
some way, be related to the mineralogy of soils
(Arnold, 1960 a) there have been few successful
attempts to relate mineralogical composition with
release ability. Different workers have stressed the
importance of different particle-size separates but,
as discussed by Beitemeier (1951), the proportional
release from sand, silt and clay fractions probably
varies greatly in different soil types. This paper
reports work designed to measure and assess the
factors responsible for releases of non-exchangeable
potassium in some British soils. No detailed
mineralogical studies were made, but information
which revealed trends was obtained. Continuous
cropping with perennial ryegrass in the glasshouse
was used to assess the relative ability of soils to
release non-exchangeable potassium. The cumu-
lative potassium uptake by the grass and roots
minus the fall in the exchangeable potassium in
the soil gave the release from non-exchangeable
sources.
EXPERIMENTAL
Soils used
Soils were taken from various series associated
with a wide range of substrata (Table 1). All but
two of the twenty soils were under arable culti-
vation when sampled (0-20 cm. deep) in the spring
1958. Only the soils 6 A and 19 taken, respectively,
from the permanent wheat and barley plots on
Stackyard field, Woburn (plot 9B) and the Broad-
balk wheat field at Rothamsted (plot 13), had re-
ceived long-continued potassium fertilization; the
others were believed to have had only light oc-
casional dressings, or none. Soils 8, 13, 16, 17 and
18 have never been acid, but most of the others will
have received some lime during their agricultural
history. All the soils except those from Woburn
contained > 1-0 % total potassium.
Pot-culture technique
The twenty soils were cropped in triplicate in
three randomized blocks. 400 g. of air-dry soil
passing a 2 mm. sieve was weighed into 10 cm.
internal-diameter dark-brown glass pots fitted with
saucers. Basal nutrient (diammonium phosphate
and ammonium nitrate supplying together 50 mg.
P and 100 mg. N/pot) was added dissolved in
enough water to give optimum crumb formation
when mixed next day. No potassium fertilizer was
added during the experiment. To aid aeration and
drainage, 200 g. pure quartz fragments (2-4 mm.
diameter) were mixed with the soil for potting.
0-5 g. perennial ryegrass seed (S. 23) was sown on
the soil and watered. After germination the pots
were given demineralized water liberally via the
saucers. Yield was measured at intervals by cutting
the grass 1-5 cm. above the soil. After each harvest
all the pots were given 100 mg. N as ammonium
nitrate and 4 mg. Mg as magnesium sulphate in
solution via the saucers. The magnesium was in-
cluded to prevent an acute deficiency which might
arise during the intensive cropping; the small
dressing can sometimes enhance potassium uptake
in the glasshouse. When yields fell below 1-0 g.
dry matter/pot, only 50 mg. N was given per
pot. Where growth continued after the sixth
harvest, 50 mg. P as diammonium phosphate was
applied once in the nutrient and the magnesium
was applied one week later. During the winter,
supplementary lighting was provided by high-
pressure mercury vapour lamps (400 W. with
internal reflectors) held 1-2 m. above the pots. It
was estimated that the lighting allowed the grass
to grow at about half the mid-summer rate. By the
thirteenth harvest, growth had ceased on all but
five soils.
As soils became exhausted the contents of the
pots were air-dried before removing the quartz
fragments by sieving, then the roots and stubble
were picked out by hand and fine fragments
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recovered using a vacuum pipe covered with two
layers of muslin (this method was devised by
R. J. B. Williams).
Analytical methods
All potassium determinations were made with an
EEL flamephotometer using appropriate standards.
Exchangeable potassium in the soils was deter-
mined before and after cropping by leachings 2-0 g.
air-dry soil with an excess of neutral N ammonium
acetate. Grass samples were dried at 100° C. and
the total potassium extracted by soaking overnight
up to 1-0 g. of ground material in 50 ml. cold
0-5N-hydrochloric acid. Potassium was extracted
from the roots and stubble by soaking them in acid
for 2 days.
Total potassium in the air-dry soils and in the
clay separates dried at 100° C. was determined
after a semi-micro double HF-H2SO4 digestion and
incineration at low temperature in platinum.
To examine the clay, 50 g. soil were repeatedly
treated with warm hydrogen peroxide. After
boiling, the suspension was made slightly acid
with dilute hydrochloric acid. The soil was washed
free from acid and salts on a centrifuge and dis-
persed in a half-filled 2 1. bottle by shaking over-
night with sodium hexametaphosphate (25 ml. 5 %
'Calgon' brought to pH 8-5-90 with NajjCO3).
After three successive sedimentations the < 2 ft
(effective settling diameter) clay was fractionated
into > 0-1, 0-1-0-3 and 0-3-2-0/J. separates using
a Sharpies supercentrifuge at appropriate rates of
flow (Fancher, Oliphant & Houssiere, 1942). The clay
separates were flocculated with a minimum volume
of acidified calcium nitrate and then repeatedly
washed with water. The clays were dried and ground
by hand in an agate mortar before analysing for
total potassium.
RESULTS
Tables 2 and 3 give the mean cumulative yields
of dry matter (g. per pot) and the mean cumulative
potassium uptakes (mg. K/100 g. soil) for the grass
grown on the soils. The releases of non-exchange-
able potassium recorded in Table 3 were calculated
for each soil from
Total K uptake by grass')
+ K in roots and stubble/
/ Fall in exchangeable
\ K in soil
Mean values for three pots were obtained except for
soils 14 to 18 from which the potassium had not
been exhausted by the thirteenth harvest. Only
one pot of each of these unexhausted soils was dis-
mantled, but because much potassium was released
from them, small errors in the final soil and root
analysis would not materially influence the results.
Releases of non-exchangeable potassium ranged
from as little as 3 to > 100 mg./lOO g. soil.
Fig. 1 shows the cumulative potassium uptake by
the grass grown on most of the soils. After the
sixth harvest the grass died from potassium
deficiency on the poorest soils; by the twelfth
harvest the grass stopped growing on all but five of
the soils. Although yields of dry matter declined
on all soils in the first winter (harvests 5, 6, 7 and 8)
the percentages of potassium in the dry matter rose
during this period. Because of this and the form of
the cumulative potassium uptake curves, it was
assumed that the rate at which potassium was being
removed from the soils was independent of the
smaller dry matter yields obtained during the
winter months. In the later stages of cropping
potassium uptakes became near-linear with time.
Many workers have stressed that 'equilibrium'
levels of exchangeable potassium in different soil
types are not necessarily related to the ability of
the soils to release potassium from non-exchange-
able reserves. Fig. 2 shows that, with the present
soils, the potassium releasing powers tended to
increase as the initial exchangeable potassium
levels increased, but the correlation was too poor
(r = +0-84, excluding soil 16) for the trend to be
a useful guide.
Table 1 shows the potassium contents of the ' fine'
(< 0-lp), 'medium' (0-1-0-3/i) and 'coarse'
(0-3-2-0 fi) clays for most of the soils, and other
analytical data. The percentage of potassium in the
' medium' clay exceeded that in the ' fine' clay in all
the soils; in many but not all soils the percentage of
potassium in the ' coarse' clay was larger than that
in the 'medium' clay. The potassium contents of
the various clay separates and their proportions in
the soils are plotted in Figs. 3-5, in which the areas
of the circles representing each soil are proportional
to the measured, releases of non-exchangeable
potassium. The figures showed that:
(1) There was a tendency for the potassium-
releasing power of the soils, as measured by con-
tinuous cropping in the glasshouse, to increase both
with increasing potassium contents in the clay
separates and with increasing amounts of the
separates in the soils.
(2) The poor, moderate and good releasers
(< 15, 15-60 and > 60 mg. K/100 g. soil, respec-
tively) of non-exchangeable potassium were clearly
grouped by the analyses of the < 0-1/x clay
separates (Fig. 3). In this figure only the soils from
the Harwell (no. 16) and potassium-fertilized
Batcombe series (no. 19) occupied anomalous
positions.
(3) The soils were almost equally well grouped
according to their potassium-releasing powers by
the analyses of the 0-1-0-3 p clay (Fig. 4). A similar
grouping was obtained using the data calculated
for the < 0-3/x clay.
(4) The data for the 0-3-2-0/x clay separates
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Fig. 1. Cumulative potassium uptake by perennial rye-grass grown in the glasshouse
( f = harvest number). Seed sown on 25 April 1958.
(Fig. 5), were poorly correlated with the potassium-
releasing powers of the soils. Among the soils con-
taining between 8 and 17% 'coarse' clay with
between 2-2 and 3-0 % potassium, there were two
poor, five moderate and two good releasers of non-
exchangeable potassium. Clearly, the data on the
'coarse' clay was of little, if any, diagnostic value.
It was concluded that neither the amount of the
' coarse' clay nor its potassium content was neces-
sarily related to the potassium-releasing power of
the soils. It could not, however, be assumed that
the 'coarse' clay was unimportant among all the
moderate and good releasers.
DISCUSSION
For fifteen of the sixteen soils from different
series which had not been heavily manured with
potash, the potassium content and the amount of
'fine' clay (<0-1 /x) satisfactorily grouped the soils
according to their potassium -releasing ability
(Fig. 3). Data on the 'medium' clay separates
(0-1-0-3 fi) were almost equally satisfactory in
grouping the soils according to their potassium-
releasing abilities (Fig. 4). For these soils the
ability to release non-exchangeable potassium is
largely determined by the amount and potassium
content of the finer clay particles; larger amounts of
'fine' clay can make up for smaller potassium
contents; conversely, higher potassium contents
can make up for lower 'fine' clay contents. Ana-
lyses for the 'fine' clay, however, do not always
reflect the potassium-releasing power. For ex-
ample, in the heavily potash-fertilized Broadbalk
soil (Batcombe series), the accumulation of ferti-
lizer residues changed the soil from an inherently
poor releaser (Arnold, 19606) to a good releaser
without altering the potassium content of the 'fine'
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clay by more than 0-2 %. The effect of differential
potash fertilizing on the light Woburn soil (nos. 6
and 6 A) was evident, though less pronounced than
on the Broadbalk soil. Unusual mineralogical com-
position, such as in the Harwell soil series, may also
result in the 'fine' clay being a poor index of the
potassium-releasing power of the soil. I. Stephen
(personal communication) showed that the Harwell
soil, which overlies a glauconitic Malmstone, con-
tains considerable amounts of apparently un-
150
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Exchangeable K mg./lOO g. soil
80
Fig. 2. Relationship between initial exchangeable and
release of non-exchangeable potassium, (r = +0-84,
excluding soil 16 [#].)
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Fig. 3. Releases of non-exchangeable potassium, pro-
portional to circle areas, in relation to percentage and
K-content of < 0-1 /i clay in soil. (Soils 16 and 19 (©)
behaved atypioally.)
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Fig. 4. Releases of non-exchangeable potassium, pro-
portional to circle areas, in relation to percentage and
K-content of 0-1-0-3 /i clay in soil.
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Fig. 5. Releases of non-exchangeable potassium, pro-
portional to circle areas, in relation to percentage and
K-content of 0-3-2-0 /a clay in soil.
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weathered glauconite. Unlike the other soils,
potassium was easily extracted chemically from the
2 to 10 fi separate; the release of non-exchangeable
potassium probably arose more from the 'coarse'
clay and silt than from the 'fine' clay in this soil.
Some 'coarse' clays contain similar amounts of
total potassium irrespective of the potassium-
releasing power of the soils (Fig. 5). 'Coarse' clays
may contribute significantly to the potassium -
releasing power of some soils but the existing
evidence shows that it is usually unimportant.
Smith & Matthews (1957) found a positive correla-
tion between the potassium-releasing power and
the percentage of clay (< 2-0/j.) in a range of
Canadian soils. For British soils a similar trend is
shown in Fig. 6 (r = +0-72, excluding soil 16).
This probably arises because soils with high total
clay contents tend to contain high proportion of
'fine' clay which is often relatively less highly
weathered than the 'fine' clay in the lighter soils.
X-ray diffraction data on <2/* clays, kindly
provided by G. Brown, were only of limited use for
assessing the amounts of potassium likely to be
supplied to crops by soils of different origin. The
micas and hydrous-micas in the coarser clay, which
dominate the X-ray spectrograms, probably contri-
bute little potassium to crops. Rouse & Bertramson
(1950) obtained a positive correlation between the
area under the ' illite' peak on X-ray spectrograms
of the <0-2/i and 0-2-1-0/x clay separates from
several Indiana soils and the potassium-releasing
power assessed by chemical means. For the
Indiana soils the finer clay fractions were important
in determining the potassium-releasing power. The
present work showed the need for simple physical
and chemical studies designed to reveal trends in
soil behaviour and, equally important, to recognize
soils that are atypical. Without preliminary work,
the mineralogical investigations needed to explain
soil behaviour are likely to be unnecessarily
complex, particularly on soils of different origins and
ages.
It is difficult to assess the value of glasshouse
cropping for reflecting the likely behaviour of soils
in the field. Unfortunately, a pot technique will not
distinguish between releases of non-exchangeable
potassium which contribute towards maximum
field-crop growth and those which occur only at
'starvation' levels of production. Immediately
after ryegrass was established, the rate at which it
taxed the soils in pots was between ten and twenty
times that at which a similar weight of soil would
be taxed in the field. The exchangeable potassium
in potted soil is usually rapidly brought to a low
level, after which the bulk of the release of non-
exchangeable potassium takes place. Because there
is a time-lag between falls in the exchangeable and
the full release of non-exchangeable notassium, the
importance of releases during one growing season in
the field cannot be assessed without further work.
There is, however, no doubt that from one season to
the next and over still longer periods, releases of
non-exchangeable potassium are important. Where
releases occur, the long-term potassium fertility
status should best be reflected by a measure of the
combined ability of exchangeable and non-ex-
changeable potassium to supply crop needs. At
present insufficient is known about the relationship
between progressive falls in exchangeable and the
accompanying release of non-exchangeable potas-
sium.
The glasshouse experiment can only partly
answer several important questions. However, if
certain assumptions are made, the trends in the
cumulative potassium uptakes (Fig. 1) can show
important differences in soil behaviour. Under
intensive cropping it is known, both from published
(Reitemeier, Brown & Holmes, 1951) and the
authors' unpublished work, that by the fifth or
sixth harvest the readily exchangeable potassium
contents of most soils will be approaching their
lowest values. After this stage, potassium uptake
by the harvested grass must be mainly from non-
exchangeable reserves, supplemented, perhaps, by
some transfer of potassium already in the root
system. The near-linear rate of release of potassium
from non-exchangeable sources after the sixth
harvest from five of the soils showed no sign of
diminishing by the thirteenth harvest. If it can be
assumed that the near-linear rate of release of this
category of 'native' potassium is not exceeded at
any stage of the cropping, then the amount of
potassium that has come from other sources can be
estimated by extrapolation to zero time. This esti-
1S0r
100
8
50
10 40 5020 30
Clay -= 2-0/1 (%)
Fig. 6. Relationship between < 2 /i. clay content and
release of non-exchangeable potassium (r = +0-72,
excluding soil 16 [#]).
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Table 4. Estimated releases of loosely held (A) and
'native' (B) non-exchangeable potassium on cropping
Soil
no.
1
2
3
8
10
11
12
13
14
15
16
17
18
19
K mg./lOO g.
A
8
6
13
47
34
39
39
39
87
76
13
60
60
51
soil
B
5
5
4
13
16
9
9
12
44
22
57
42
40
6
.
A:B '
1-6
1-2
3-3
3-6
2-1
4-3
4-3
3-3
2 0
3-5
0-2
1-4
1-5
8-5
mate was, for most soils, much larger than the fall
in the exchangeable potassium content of the soils
over the whole cropping period; therefore, a
separate category of relatively loosely held non-
exchangeable potassium was being released.
Table 4 gives estimates of the ratio of the release of
loosely held non-exchangeable potassium to the
release of 'native' non-exchangeable potassium.
Values for the ratio range from 1-2 to 4-3, excluding
the atypical soils 16 and 19 and those in which
releases were very small.
The final slow release rate of 'native' potassium
in soils 1, 2, 3, 4, 5, 5A, 5B, 6, 6A and 19 was
estimated to be less than 50 lb. K/acre/annum even
under intensive cropping. For soils 8, 10, 11, 12
and 13 the rate of release of 'native' potassium was
between 50 and 150 lb. K/acre/annum, which is too
little to maintain the growth of grass in the glass-
house. Among the good releasers of 'native'
potassium, soil 15 released about 250 lb. K/acre/
annum, soils 14, 17 and 18 released about 500 lb.
K/acre/annum and soil 16 more than 1000 lb. K/
acre/annum. The glauconitic soil (no. 16) which
released ' native' potassium most readily, contained
very little loosely held non-exchangeable potas-
sium; the estimated ratio for the release of loosely
held non-exchangeable potassium to the release of
'native' non-exchangeable potassium was only 0-2.
The rate of release of potassium from 'native'
reserves might be expected to be related to the
potassium content and to the amount of the more
finely divided potassium-bearing minerals. More-
over, it is not surprising that the rate of its release
is near-linear because the size of the pool from which
it comes does not change appreciably. There is,
however, no obvious reason why the release of
loosely held non-exchangeable potassium should be
related to the potassium content and the amount of
fine clay in the soils. A soil's ability to release
loosely held potassium might be expected to be
related to the nature and amount of the soil
minerals which can retain potassium in the same
way as do vermiculite-type minerals (Barshad,
1948). With the soils which had not received long-
continued dressings of potassium fertilizer, the
release from loosely held sources tended to increase
as the contribution from 'native' reserves increased.
It may be that, as suggested by Jackson et al.
(1952), soils often contain some potassium held
within hydrous mica layers which are at a critical
stage of their weathering such that the remaining
potassium is rather quickly released when the inter-
layer space expands. Rapid lowering of the ex-
changeable potassium in a soil would favour the
release of such a category of potassium. The larger
the amount of potassium-containing fine clay, the
larger might be this category of loosely held
potassium, which agrees with the experimental
results. There is at present no way of distinguishing
between releases from vermiculite-type minerals
and releases from weathering hydrous micas on the
point of becoming expanded. For soil 19, in which
the 'native' potassium reserves are particularly
inert, the release is to be expected from vermi-
culite-type minerals; for most of the other soils the
release may well be largely from weathering
hydrous micas.
SUMMARY
1. Continuous cropping with perennial ryegrass
in the glasshouse was used to measure the release of
non-exchangeable potassium from twenty soils re-
presentative of a wide variety of soil series.
2. Releases of non-exchangeable potassium
ranged from almost none to > 2000 lb. K/acre.
3. The main reason for the variations in the
potassium-releasing powers of the soils was traced
to differences in the amount and potassium content
of the finer clay fractions. Small potassium-
contents in the fine clay and small contents of fine
clay were associated with small releases of non-
exchangeable potassium.
4. Accumulated potash fertilizer residues or the
presence of such minerals as glauconite can be
responsible for the good potassium-releasing
powers of some soils.
5. Some of the limitations of glasshouse work for
assessing the potash status of soils are discussed.
6. Evidence was obtained for the existence in
many soils of at least two categories of useful non-
exchangeable potassium.
The authors are indebted to Dr G. W. Cooke at
whose suggestion the work was started. They also
thank several members of the staff of the Soil
Survey of England and Wales, who provided most
of the soils, and Mr J. H. A. Dunwoody for the
statistical analysis.
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